The absorption coefficients of the statistical wings of the Cs principal series lines 6 2S1/2 -n 2P3/2 (6 n <[ 10) and 6 2S1/2 -n 2P1/2 (6 < n 9) perturbed by Xe have been measured quantitatively The results are compared with quasistatic line wings calculated from the interatomic Cs -Xe potentials of Baylis 1 and Pascale and Vandeplanque 2. In the far wings of the higher lines of the series indications of many-body interaction were found. Furthermore the behaviour of the shift of all principal series lines up to the 23rd member was investigated in the density region between 1.63 X1018 and 1.9 X1019 Xe atoms per cm-3.
Introduction
Line broadening is a very useful tool for ob taining information about the interaction of colliding atoms. Especially the far and the very far line wings are closely related to the interaction potentials through the quasistatic theory3. For al kali-noble gas systems it was shown first4 that the potentials can be determined from a line broadening experiment if the difference potential (difference of excited and ground state potential) is a monotonic function of the interatomic distance. If this condi tion is not fulfilled, an assumption of the potential forms, for example a Lennard-Jones form (C6, C12) , has to be made5. Fitting the Lennard-Jones potentials of the ground and excited states to the conditions of experimental line wings, the intercompared with quasistatic wings calculated from adiabatic potentials by Baylis i.
On the other hand a quantitative measurement of the statistical wings is very useful for checking real istic theoretical potentials. This was first done by Chen and Phelps6. In their paper the measured wings of Cs resonance lines broadened by Ar were compared with quasistatic wings which were calcu lated with the help of the adiabatic potentials of Baylis 1. It is less favourable to get information about the interatomic interaction from the impact broad ened line centre. A direct determination as in the case of the statistical wings is not possible. Instead the measurement of the broadening and the shift of Reprint requests to Dr. K. Niemax, Institut für Experi mentalphysik der Universität Kiel, Olshausenstr. 40 -60, D-2300 Kiel. the lines which, are related primarily to the longrange interaction region, can be used to check avail able theoretical adiabatic potentials7 or to deter mine interaction constants for assumed model po tentials, for example for Lennard-Jones potentials8 ' 9. This paper reports on quantitative measure ments of the statistical wings of Cs principal series lines broadened by Xe. In order to check the quality of the theoretical adiabatic potentials of the Cs-Xe system calculated by Baylis 1 and Pascale and Van deplanque 2 a comparison between the measured statistical and the theoretical quasistatic line wings is given.
In the second part of this work we report on the behaviour of the shift of the Cs principal series lines caused by Xe. In addition to the different shift of the lower members of the series (well described by the impact theory) and the nearly uniform shift of the higher members (Fermi theory 10) the transition region between both theories was investigated.
Theory
The quasistatic theory relates the line wing ab sorption k(v) in a small energy interval [v, v + d?] to the probability W (r)dr of finding the nearest perturber atom in a differential part dr at the internuclear distance r:
Here r is connected to the difference potential V(r) by
where Vu(r) and V\ (r) are the adiabatic potentials of the upper and lower electronic molecular states respectively. Inserting formula (2) into formula (1) the absorption coefficient in the line wing is given by w h m -(3) Normalisation of the absorption line fk{v)dv = ~~N Af m c~ ( 4) and the binary interaction approximation W(r) dr = 4 n r2 NB exp { -AV\(r)/k T] dr (5) leads to
However, if more than two potentials (ground and excited state potentials) are responsible for the line wing the statistical weights of the molecular states must be inserted into formula (6). It is thus always possible to calculate the quasistatic line wings if the adiabatic potentials are known. It should be noted here that the oscillator strength / is assumed in dependent of internuclear distance, although slight changes with distance are possible (see e. g. Drullinger et al. n ) .
In comparisons of the theoretical wing and avail able experimental data it should be noted that the atoms are not fixed but in a state of motion during the absorption process. This causes -as is con spicuous -, a smearing out of the well known statellites which arise wherever the difference poten tials have extrema [dV (r)/dr = 0; k(v)-± in for mula (6) ]. Because of heavy masses of Cs and Xe in our experiment the relative velocity of the atoms is low. So the effect of the smearing out is not so pronounced as in other alkali-noble gas systems.
Another aspect which has to be taken into account is that of non-adiabatic transitions between different molecular states during the collision. In the far and very far line wings these mixing collisions can be neglected in most cases.
If, as in the present experiment, the interacting atoms are not of the same species, the condition NA < Nn has to be fulfilled strictly. Otherwise, selfbroadening effects have to be taken into account.
At low perturber density, in the region where two-body collisions predominate, the width and the shift of the line cores are proportional to the density of the perturbers and grow with the in creasing principal quantum number. This is as pre dicted by impact theories 3. The shapes of the line cores have to be Lorenzian.
When the perturber density is increased, twobody collisions become less and less important. The number of the perturber atoms within the elec tron orbit increases. Fermi 10 first showed that in this case the shift of the energy level is independent of the principal quantum number: Av = Ars + Avv = ± -NB o0 -10 a e2 WB4/3 m
• (7) Here Av^ is the shift due to the elastic scat tering of the atomic electron in the excited state by the perturber atoms (density NB) and Arp is the shift due to the polarisation of the perturber par ticles within the electronic orbit. o0 is the cross sec tion and a the polarizability of the foreign gas atom. For the high series members, the scattering contri bution is usually predominant. Further consider ations were made by Firsov 12 and by Alekseev and Sobel'man13. The examined the region of validity for Fermi's expresion for Avs and the independence of scattering and polarisation effects respectively. Only little is known about the change from twobody to many-body collisions and the connection with the statistical theory. It is the aim of this ex perimental investigation to provide more informa tion about this transition region.
Experiment
The experimental set-up is shown schematically in Figure 1 . The absorption measurements were per formed using a 900 W Xe high-pressure or a 150 W halogen lamp as the continuous light source. After passing the Cs-Xe absorption tube (parallel beam) M ain the light was focused onto the entrance slit of a high resolution Ebert-type scanning monochromator (/ = 10 m, optical band pass between 40 and 6 mA). At the exit slit the light was detected photoelectrically. After amplification the signal was registered on a strip-chart recorder. A systems of mirrors made it possible to use a second absorption tube containing Cs without a buffer gas and running at low Cs va pour densities for wavelength calibration.
The different absorption cells used were made of pyrex glass and had a length of 15 cm. Before filling with extremly pure Xe gas (pressure: 50, 200, 350 and 600 torr at room temperature) and sealing, the tubes were baked at about 360 °C under a vacuum of 10~6 torr for two or three days. Subsequently small Cs capsules were crushed inside the cells.
The absorption tube was located in a two-cham ber-oven with separate heating systems. The upper chamber in which the observed part of the absorp tion cell was situated had a somewhat higher tem perature than the lower chamber with the Cs bath in order to prevent cesium from covering the cell win dows. The equilibrium vapour pressure above the liquid Cs was calculated with the help of the TaylorLangmuir formula 14.
Results and Discussion a) The Statistical Wings
The dependence of the absorption coefficient k(v) on the distance from the undisturbed line centre Av was derived from the measurements using the wellknown relation
where 10(f') and I (?) are the incident and trans mitted light intensities and L is the length of the absorbing layer. Because of the high resolving power of the monochromator there was no serious distor tion of the absorption profiles by the instrumental function. Figures 2 -5 show the red and blue wings of the measured stronger ( Fig. 2 and 4 ) and weaker ( Fig. 3 and 5 ) components of the principal lines of Cs. The wings are presented in the usual log-log plot of the reduced absorption coefficient k{v)j Nqs Nxe against the distance from the line centre Av. The solid curves represent the envelopes of all measured line wings at different Cs and Xe particle densities. Distinctions between measurements at dif ferent Xe particle densities are marked by broken and dotted curves. In the case of the resonance lines (6 2Si/2 -6 2Ps/2, 1/2) there were also differences be- tween the reduced absorption coefficients in the far wings depending on the Cs particle density. For clarity we do not show all measured far wings. Roughly speaking they were situated between the up per and the lower plotted wings. The dependence 011 the Cs particle density seems to indicate that selfbroadening effects come into play. It is known (see e.g. Ref.
15) that the cross section for self-broadening of the Cs resonance lines is large. Deviation should occur especially in the parts of the wings where the foreign gas broadening is weak and where the con dition NCs ^ A'xe is not strictly fulfilled. The dif ferences in the outer part of the red wings of the higher lines are only due to the Xe particle density. Note that the reduced absorption coefficient is the larger the higher the Xe particle density is. Because all measurements of the wing region of interest k/NCsNX e (cm* were done at nearly the same temperature, tempera ture dependence can be neglected in all consider ations. The discrepancies appear to be a conse quence of many-body interactions. Another inter esting feature is a smeared out secondary satellite which has been observed on the red wings of all lines except the resonance lines. The higher the lines of the series the more pronounced these satellites are. The positions are roughly twice as far from line centre as the first satellite. Similar secondary satel lites were found by McCartan and Hindmarsh 16 on the red wing of the K line 4047 Ä disturbed by Kr and by McCartan and Farr 17 on the red wing of the 5896 Ä resonance line disturbed by Kr and Xe. From the strong dependence of the shape of these secondary satellites on the foreign gas density (see Fig. 2 and 3 ) one may conclude that they arise from interaction involving more than two atoms. Most probable is a three-body interaction (Cs-Xe-Xe). This assumption is in line with recent calculations by Baylis18. Baylis shows that under certain circumstances three-body interaction excited-state potentials are the sum of two Cs-Xe potentials. Since the three-body ground state potential is also k/NCsNXe(cm5) 6 S1/2-n P V2 twice the two-body ground state potential the extrema in the difference potentials are at the same internuclear distances for two and three-body inter actions. On the other hand the difference in energy between the three and two-body difference potential at an extremum is twice as large. This is in line with the observed positions of the secondary satel lites. Of course, the appearance of the secondary satellites depends on the foreign gas density and on the line which is observed. The higher the line in the series the earlier one can observe secondary satel lites at a fixed perturber gas density because of the larger electron orbit of the excited Cs atoms. This can also be seen from Fig. 2 and 3 .
The absorption lines 6 2Si/2 -9 2P3/2,1/2 and 6 2S]/2 -10 2P3/2 were only measured at the two lowest and the lowest Xe particle densities respec tively. At higher densities the line centres shifted strongly towards longer wavelengths (transition re gion between the impact and Fermi theory, see next Figure 6 . chapter) ; then it was no longer possible to measure the statistical wings. On the other hand the accuracy of these statistical wings should be used with care. It seems that the wings given by the full traces in the figures are not free from many-body interaction. Lower foreign gas densities are necessary in the ex periment. But at those lower densities the condition Nqs Nxe would no longer be fulfilled, and selfbroadening effects 19 have to be taken into account.
Because there are pronounced satellites on the red wings of the lines, one can be sure that the difference potentials are not monotonic functions of the inter nuclear separation. Therefore it is not possible to deduce them uniquely from the experiment. How ever, there is the possibility of checking theroretical potentials (see above). Inserting the difference po tentials of Baylis 1 and Pascale and Vandeplanque 2 into formula (6) we have computed the quasi-static red and blue wings of the first doublets of the prin cipal series. The calculations were made by inserting a typical temperature of 583 °K into the Boltzmann factor which gives the increased position probability in the attractive region of the lower potential. Only small parts of mostly outer quasi-static wings are in fluenced by the temperature in our case. In the calcu lations we used the theoretical oscillator strengths of Norgross 20 for the resonance lines and the experimen tal f-values of Pichler21 for higher lines of the series. Figures 6 -11 presents the comparisons between the theoretical and the experimental wings. Except for the positions of the satellites given by Pascale and Vandeplanque, an excellent agreement was found in the cases of the two red wings of the resonance lines ( Fig. 6 and 7 ) and the blue wing of the 8521 Ä line (Figure 8 ). Furthermore the values by Hedges et al. 4 (marked in Fig. 6 and 7) are well in line with our and the theoretical data. They were calculated from the normalized emission data (T = 583 °K) given in the mentioned paper. In the case of the blue wing of the 8944 Ä line, we did not ob serve the predicted satellite ( Figure 9 ). Similar poor agreement between theory2 and experiment was found for the wings of the 4555 and 4593 Ä lines ( Fig. 10 and 11 ). Because the theoretical blue satellites lie outside the impact regions [deviation of the wing (k (v) ~ Av~n, n #= 2) from Lorenzian wing (k(v) in the case of foreign gas broad ening] they should have been observed. The com parison between the theoretical2 and experimental wings of the next doublet (3876 and 3889 Ä), not given in figures, resulted in even poorer agreement than in the case of the 4555 and 4593 Ä lines.
b) The Shift of the Lines
In Fig. 12 the shift of the Cs principal series lines up to the 23rd member is plotted at four different Xe particle densities. Quite generally a distinction can be made between two regions of shift. The lower members of the series shift proportionally to the Xe density, but the values increase with increasing prin cipal quantum number, whereas the shift of the higher members is proportional to the density, but in first approximation independent of the quantum number. This can also be seen from Fig. 13 and 14 , where the shifts of the lower and of some higher lines are plotted against the particle density. The values presented in the figures are averaged values derived from up to 40 scans, and therefore the uncer tainty is small. At low Xe particle densities where the impact broadening of the lower lines was still small it was possible to measure the shift of the hyperfine components as the shift of the centre of gravity at half-height. At higher densities the hyper fine components become more and more blended. In this case we found the centre of the line by taking into account the known intensity ratio (9:7) of the two groups of hf-components due to the splitting of the 6 "Sj/2 ground state. If the lines were strongly asymmetric in the region of half-height we mea sured the shift of the maximum absorption of the lines. This had to be done for the shift of the lines Figure 10 . which were neither described by impact nor by the Fermi theory (transition region, see Figure 15 ). In Table 1 and 2 the measured shift rates Ar/Nxe are presented in the region of validity of the impact and of Fermi's theory. The total estimated error is mainly effected by the uncertainty in the Xe particle density (about 2%) and by the evaluating procedure of the shift values mentioned above. The scatter in our experimental data was low (1 -2.5%). Apart from the present results the shift data available in literature are also given in Table 1 . Good (line: 6S-6P) and poorer agreement (lines: 6S-7 and 8P) was found between our measurement and the pre dicted shift rates by Kielkopf22. The values of Kielkopf, who inserted semiempirical potentials (C6, C8, C12) into his calculations, had been adjusted to our experimental temperatures. we do not know the temperatures inserted in their calculations, we could not make the T0/i correction. Therefore an exact comparison is not possible. Only one experimental value is available in the literature (Smith23). The shift rate of the 4593 Ä line given by this author was converted to our experimental conditions (mean temperature: 373 °K). The agree ment is not satisfactory. The transition from the region of impact theory to the region described by Fermi's theory occurs where the mean interatomic distance is roughly equal to the sum of the mean radii of the electron orbits of the excited Cs atom and the ground state Xe atom. Deviations of the linearity of the shift with increas ing particle density can be seen at 1.11 X 1019 and 1.9 x 1019 cm-3 for the 6 2S1/2 -9 2P1/2> a/2 and the 6 2S1/2 -8 2P 3/2, t/2 lines respectively (see Figure 13) . The mean interatomic distances are 23.3 Ä (1.9 x 1019 cm-3) and 27.8 Ä (1.11 x 1019 cm"3) . The mean radii of the 8P and 9P atom are 15.9 and 24.3 Ä respectively whereas the Xe radius is about 1 Ä (see e.g. Ref.*). The Cs radii were cal culated using the approximate formula given by Unsold 24 re = a0/]/2 n* [5 n*2 + 1 -3 / (/ + 1) ] 1/2 .
From Fig. 12 it can be seen that the higher lines reach their transition region at lower particle den sities.
It is interesting to note that the lines of the dou blets show a different shift-behaviour in the region of change between the theories. The shift of the weaker lines is larger than that of the stronger ones. This is just the opposite behaviour as in the case of Cs-Ar 2o. In Fig. 15 experimental traces of the lines 3477 and 2480 Ä are given for a fixed Xe particle density (6.41 x 1018 cm-3). The Cs particle density was varied between 1.3 x 1015 and 2.8 x 1016cm~3. The lines are strongly asymmetric. On the red wing of the stronger component we see the first satellite which is smeared out. At low Cs density the impact centre of the line which is shifted 95 mÄ is predominant. With increasing Cs particle density the absorption coefficient grows faster in the line wing than in the line centre. Finally at 2.8 x 1016 cm-3 the absorption coefficient is largest in the region of the satellite. The feature of the weaker line is quite different. From the beginning at low Cs particle densities the strongest absorption is in the region of the satellite. The remaining impact centre is still indicated as a shoulder in the wing (approxi mative shift: about 110 mÄ). Note that the maxi mum absorption of this line is shifted about 595 mÄ from the centre of the undisturbed line. This shift is of the same order as the shift of the stronger com ponent at high Cs particle densities (about 590 mÄ). The different behaviour of both lines could be con nected with the fact that the P3/2 atomic level is split up into two excited molecular potentials (~i/2 and 17% 2) whereas the P1/2 state is non-degenerate {Tino).
Because the oscillator strengths of the weaker lines decrease faster than those of the stronger lines with increasing main quantum number 20, 21 and be cause of the broadening of the stronger components the shifts of the higher 6 2Sj/2 -n 2Pi/2 lines could not be measured. However, it appears to be a similar shift behaviour of both components at higher quantum numbers (see Figure 13 ). As mentioned above, the shift of all higher lines depends linearly on the Xe particle density (Figure 14) . The experi mental shift rates of these lines with the total estimatel errors are presented in Table 2 . The reason for the small differences in the shift (ondulation in in Fig. 13 ) which are outside the experimental er ror is not known. The agreement between our data and the asymptotic shift rate of high Cs lines found by Tan and Ch'en 26 (Av/N = 1.3 x K T 18 cm2) is satisfactory.
Conclusion
In this paper it was shown that the investigation of the statistical wings of pressure broadened lines is a useful tool for checking theoretical calculations of adiabatic potentials. Experiments of this kind can aid theoreticians in improving their calculations in some cases. On the other hand the experimen talists should be encouraged to undertake further line broadening investigations of gas systems for which theoretical potentials are available.
Some indications of many-body interaction were found in the far wings of the higher lines of the series. Of course, these effects do not allow a direct comparison with the theoretical quasistatic wings based on the binary-interaction approximation. Furthermore it can be seen from the present experiment that many-body interactions dominate the whole line if the shift of the line centre can no longer be described by the impact theory (region of transition from the impact to Fermi's theory). Thus the measurement of the shift should be a good test of the two-body interaction.
